Abstract. The exposure of 1300 meters of upper oceanic crust at the Blanc0 Fracture Zone allows near-bottom gravity measurements to determine the in situ density of the seafloor as a function of depth. Gravity measurements along the north wall of the Blanc0 Depression indicate an outcrop density of 2530 * Kg/m3 for the upper 800 meters of crust and a calculated porosity of 23%. The lower 500 meters of crust (800 to 1300 meters below the sea floor) has a measured density of 2710 k 130 Kg/m3 and a porosity of 14%. These data indicate that most of the extrusive volcanic oceanic crust is highly porous and can act as an aquifer and large-scale reservoir for hydrothermal fluids. These direct crustal density measurements also support previous interpretations that low seismic velocities observed in Layer 2 are due to the high porosity of the upper extrusive section.
Introduction
The upper 2 kilometers of oceanic crust is formed by extrusive volcanism and dike injection, but little is known about the in'situ physical properties of this layer. An unusual exposure of the upper 1300 meters of oceanic crust within the Blanc0 Fracture Zone has allowed us to obtain near-bottom gravity data, and to determine the in situ density of a vertical crustal section as a function of depth. Gravity measurements as a function of depth adjacent to rock outcrops can provide accurate estimates of the density of the crustal section, and this technique, analogous to borehole gravity measurements, has been used to determine the physical properties the sea floor (Nettleton, 1954; Stevenson et al, 1994; Luyendyk, 1984; Holmes and Johnson, 1993; Cochran et al, 1999; Gilbert and Johnson, 1999) . The slope of the line defined by the gravity measurements (mGa1) vs depth (h) is mGal/h = 2nG(Ap), where (A p> is the density contrast between the slab and seawater and G is the gravitational constant. Where local topography violates the assumption of a uniform horizontal layer, additional terrain corrections must be made to the gravity measurements.
Location
The Blanc0 Fracture Zone (BFZ) lies between the southern Juan de Fuca and the northern Gorda Ridges and contains a 50 km long depression at the western end (Figure 1 ) which has been studied in some detail (Hey and Wilson, 1982; Embley and Copyright 2000 by the American Geophysical Union.
Paper number 1999GLO 11130. 0094-8276/00/1999GL011130$05.00 Wilson, 1992; Juteau et al, 1995; Tivey, 1996) . The BFZ has lengthened by accumulating propagating rift offsets over the last 12 My, with the western end undergoing a 30 km northward jump between 0.2 and 0.4 Ma (Embley and Wilson, 1992) . This jump resulted in a recent exposure of 'normal' crustal section (not formed adjacent to a FZ) on the north wall of the BFZ, which has been mapped extensively with submersible (Juteau et al, 1995 , Tivey, 1996 Tivey et al, 1998) . These data indicate that the north wall of the western BFZ consists of a single fault scar-p, exposing an intact and un-repeated crustal section. The upper 800 meters of the exposed section consists primarily of extrusive pillow basalts and occasional massive flow units; below 800 meters, extrusive volcanics give way to outcrops of dikes and tectonized rock units (Juteau et al, 1995; Tivey et al, 1998 ).
Methods
Gravity data over the north wall of the BFZ were obtained using a LaCoste-Romberg gravity meter deployed within the submersible ALVIN as described in Holmes and Johnson (1993) . Drift for this meter was 0.003 mGal/day and the relative measurements were converted to absolute by comparison to the pendulum gravity stations at Raymond, Washington and Tillamook, Oregon. Fixed gravity stationsof-opportunity resulted in a random distribution of sites in crust ranging in formation age from 1 .l to 1.5 My (Figure 1 ). During the 1995 cruise, 20 ALVIN stations were successful in obtaining data. Repeat measurements 'were only made at one site, giving data within 0.12 mGa1 of each other. Water depths were obtained from the ALVIN pressure depth meter, with an accuracy of kO.1 meter. Mis-match between the SEABEAM (used for terrain corrections) and ALVIN depths was commonly 50 meters, with ALVIN depths taken to be more accurate. With a free-water gradient of 0.2224 mGal/m, the uncertainty in depth is the largest source of measurement error (Zumberge et al, 1997) . Gravity data were converted from relative to absolute and corrected for latitude (Holmes and Johnson, 1993; Stevenson and Hildebrand, 1996; Pruis and Johnson, 1998) . Earth tide corrections were made based on an algorithm from Longman (1959) . The north wall of the Blanc0 Fracture Zone has an average slope near 45", and terrain corrections using regional SEABEAM data ranged from 2.2 mGa1 to 9.9 mGa1 (Hammer, 1939) .
Gravity stations were distributed non-uniformly over the exposed crustal section and were compiled into a single pseudo-profile to estimate the vertical gradient ( Figure 2a crust over the survey area. To test the validity of this assumption, we divided the upper 800 meters of the survey area into separate eastern and western sections, and compared the calculated vertical gradients obtained for the two subdivisions to that derived from the combined data set. The data for these two sub-divisions compared closely to the combined set, confirming our basic assumption of large-scale horizontal uniformity. Figure 2b . Cartoon showing slope of the Blanc0 wall derived from ALVIN altitude + depth (note V.E. X2) with geology derived from submersible observations. Talus cover between 3400 and 3800 meters is not complete and occurs intermittently along the base of the wall. At 3400 m depth, there is a change in the geology of the outcrop, from intact pillows in the upper section to tectonized units and increasing dike abundance in the lower section. Johnson, 1993; Stevenson and Hildebrand, 1996; Pruis and Johnson, 1998) . Calculation of crustal density depends critically on the value used for the vertical gradient in the equation above (Figure 2A ). Submersible observations indicated that the crustal sections above and below 3400 meters were fundamentally different, with only extrusive lavas (above 3400 m) and a much higher density of intrusive dikes (below 3400 m) (Juteau et al., 1995 , Tivey et al, 1998 ; Figure 2B ). In the following discussion, we assume that stations in the upper (n = 13) and lower (n = 7) crustal sections, above and below 3400 m, are independent data sets.
Results
The crustal densities are determined from the elevation factor, derived by plotting the latitude-corrected observed gravity after non-slab corrections against station depth . (Nettleton, 1954; Parasnis, 1986) . This analytical method depends on the determination of gravity-vs-depth relationship and since our data sample is relatively small and scattered, we explored several methods to verify the robustness of our regression (Table 1) . Beyond the least squares (LS) result, we also calculated a (single iteration) weighted least squares (WLS) and the more intensive iterative (re-)weighted least squares (IRIS), with stable values identified by variation of less than 0.01% (Press et al., 1992) . Additionally, we applied a maximum subTset technique (MMS; Press et al, 1992) , where the gradient between every two data points was calculated and the mean gradient determined. While gradients between individual data pairs are not significant, the maximum sub-set method is a good statistical descriptor of the mean gradient. Analysis of error for the regression line slopes for gravity data-vs-depth is not typically determined for near-bottom geophysical surveys. However, these errors translate directly into confidence intervals for outcrop densities (Table 1 ) and, by including the uncertainties of recovered rock densities, allow us to estimate similar confidence intervals for the calculated crustal Error analysis for the four methods of slope calculation for our data set used the non-parametric bootstrap analysis method (Press et al., 1992; Efron, 1982) . This procedure randomly sub-samples, with replacement, N data points from the original data set (also N data points), and recalculates the slopes of corrected gravity-vs-depth for each of the individual estimation techniques. The value for each technique shown in Table 1 is the average deviation, and we used 10,000 model calculations for each of the methods shown (Efi-on, 1982). Table 1 shows good agreement between the four techniques for the upper crustal densities, while the lower crustal section has a smaller number of data points and the agreement is therefore less consistent. Based on statistical robustness, the IRIS value is assumed to be the best fit; for the upper 800 meters of crustal section, that density is 2530 k 120 ISg/m3; for the lower crustal section between 800 m and 1300 meters, it is 2710 * 130 Kg/m'. An alternative to the elevation factor method for computing densities is to use an iterative inverse model. Since gravity models are inherently non-unique and our sparse data set is of only moderate data quality, it would be unreasonable to attempt to invert for both the density contrast and the thickness of the individual model layers. For this Sea Water j
Distance from Axis (km) Figure 3 . A density model for the south facing Blanc0 Fracture Zone Wall (age range; 1.1 to 1.5 Ma). The boundary between the upper extrusive section and the lower section was determined by direct submersible observations where available and estimated from the magnetization in taluscovered areas (see Tivey et. al. [ 19981) . An iterative inverse gravity model found best-fit density values of 2540 Kg/m3 and 2710 Kg/m3 for the upper and lower section, respectively.
reason, we constrained the upper and lower thicknesses in our model by the large-scale crustal structure independently determined by both 'ALVIN observations and from nearbottom magnetic field measurements (Tivey et al, 1998 ). Our inverse model assumes a two-dimensional, flat-earth for the gravity calculations. The best-fit model (Figure 3 ), subject to the assumed fixed structure, had a RMS misfit of 5.0 mGals, a density of 2540 Kg/m3 for the "upper" layer and 2710 Kg/m3 for the "lower" layer; consistent with our elevation factor analysis using the pseudo-profile assumptions.
Crustal Porosities
Crustal porosity on the outcrop scale can be calculated from crustal density and rock sample densities, using the mixing relationship pout = (1 -$)prock + $ * psW where 4 is the porosity, or& is the density of the rock, and psW is the density of seawater. Since rock densities were determined fi-om 2.5 cm minicore samples, the matrix density already includes vesicularity, and the calculated porosity will be macroscopic voids larger than the scale of the rock samples. For rock densities, we measured 32 minicores taken from 16 individual rock samples obtained from the BFZ wall by ALVIN during the same dive program, using an air pynctnometer for volume and vacuum-dried rock weights. The rock sample densities from the upper (2980 k 0.079 Kg/m3) and lower (2963 rt 0.062 Kg/m3) crustal section were similar, and we used the value of the combined data set (2974 k 0.074 Kg/m2). Calculation of porosities from the above equation yields a value of 4 = 23% h 10% for the porosity of the upper 800 meters, and $ = 14% k 10% for the lower crustal section.
Conclusions and Interpretation
Calculation of outcrop density as a function of depth allows us to estimate the seismic velocities (VP, in km/set) that would be expected for these densities and porosities. The most widely accepted relationship between density and Vp was derived by Carlson and Herrick (1990) from DSDP logging data and is given by p = 3.5 -3.8Np. Using these relationships and the crustal densities from Table 1 , we obtain the following crustal velocities; (a)for the upper 800 meters, Vp = 3.92 km.&; (b) for 800 to 1300 meters, Vp = 4.81 km/set. These Vp values are slightly higher than, but still consistent with previous studies of oceanic crust of about the same age (Carlson, 1998 , Grevemeyer et al, 1999 and are a strong argument that ,crust exposed on the BFZ wall has not been severely impacted by fracture zone formation processes. The thickness of 800 meters for this upper crustal zone of low density and low Vp at the BFZ is also at the high end of thicknesses observed for Layer 2A, but is still of the right scale (Grevemeyer et al, 1999) . The porosity of 23% for the upper layer of 1 My old crust is higher than predicted for the age trend of Holmes and Johnson (1993) , but recent data (Pruis and Johnson, 1998; Gilbert and Johnson, 1999) indicate substantial variation in zero-age porosities. The direct gravity measurements on the BFZ wall support the interpretation that observed seismic velocities of Layer 2 are due to high porosities in the upper extrusive rocks. Finally, although porosity is a fundamentally different parameter than permeability, the presence of substantial void space within the upper oceanic crust has major implications for this layer as an aquifer and as a reservoir of hydrothermal fluids in both the axial and off-axis environment.
